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 Supplementary Figures 
 
Supplementary Figure 1 Mass-weighted mean velocity, radial velocity, and azimuthal velocity 
in radial bins summed over azimuth for the VELA07 simulated protogalaxy. Virial radius is shown 
as vertical dashed line. Radial velocity shows an approximately linear radial dependence inside 
the virial radius, as shown by the best fit linear function (blue dash-dot line). 
  
  
Supplementary Figure 2a Velocity maps for the VELA07 simulation (columns 1 and 2), 
CSO38B (columns 3 and 4), and UM287 (columns 5 and 6). Left-hand image in each column is 
data, right-hand image is model fit. a. Models 1, 2, 3a(i).  
  
  
Supplementary Figure 2b Velocity maps for the VELA07 simulation (columns 1 and 2), 
CSO38B (columns 3 and 4), and UM287 (columns 5 and 6). Left-hand image in each column is 
data, right-hand image is model fit. Models 3a(ii), 3b(i), 3b(ii).  
  
  
Supplementary Figure 2c Velocity maps for the VELA07 simulation (columns 1 and 
2), CSO38B (columns 3 and 4), and UM287 (columns 5 and 6). Left-hand image in 
each column is data, right-hand image is model fit. Models 3c(i), 3c(ii), 4.  
  
  
 
Supplementary Figure 3 This figure shows a series of panels illustrating the model 3a(i) fit to the 
VELA07 simulation. a. Inferred column density NH assuming a thickness of t3=(t/3 kpc)=1 and a 
clumping factor C=1. The inferred column density can be scaled to other values by multiplying by (𝑡# 𝐶⁄ )'/). b. Mean velocity (data). c. Mean velocity (model). d. Dv=vDATA-vMODEL. e. velocity 
dispersion (line width), sv. f. Disk contribution to velocity model, observed frame. g. Radial 
velocity contribution to velocity model, observed frame. h. Intensity (in kLU = 103 ph cm-2 s-1 sr-
1). i. Column density (panel a.) remapped to face-on frame, with velocity field superimposed using 
vectors. In face-on frame, the line of inclination is in the horizontal direction. The length of the 
vector in pkpc is the velocity times 0.025. j. Model velocity field remapped to face-on frame 
without changing velocities, for reference, and face-on velocity vector field. k. radial mass flux in 𝑀⨀/𝑦𝑟. The value plotted at each point is 2𝜋 𝑑?̇? 𝑑𝜙3 , or the total mass flux through that radius if 
the value at the point were the same at all azimuth. Face-on velocity vector field superimposed. l. 
Velocity dispersion remapped to face-on frame, and face-on velocity vector field. There is some 
trend for velocity dispersion to increase in regions with large velocity gradients, possibly due to 
multiple components superposed. m. Disk velocity model, face-on frame, and velocity vector field. 
n. Radial velocity model, face-on frame, and velocity vector field. 
  
Supplementary Figure 4 Full field image of CSO38. QSO is in lower left, and Lya-emitting blob 
(CSO38B) is in upper right. a. Intensity in narrow band around systemic velocity. b. Zoom in 
around CSO38B. c. Mean velocity, full field. d. Mean velocity, zoom in around CSO38B. e. 
Velocity dispersion, full field. f. Velocity dispersion, zoom in around CSO38B. 
  
  
 
Supplementary Figure 5 This figure shows a series of panels illustrating the model 3a(i) fit to 
CSO38B. a. Inferred column density NH assuming a thickness of t3=(t/3 kpc)=1 and a clumping 
factor C=1. The inferred column density can be scaled to other values by multiplying by (𝑡# 𝐶⁄ )'/). 
b. Mean velocity (data). c. Mean velocity (model). d. Dv=vDATA-vMODEL. e. velocity dispersion 
(line width), sv. f. Disk contribution to velocity model, observed frame. g. Radial velocity 
contribution to velocity model, observed frame. h. Intensity (in kLU = 103 ph cm-2 s-1 sr-1). i. 
Column density (panel a.) remapped to face-on frame, with velocity field superimposed using 
vectors. In face-on frame, the line of inclination is in the horizontal direction. The length of the 
vector in pkpc is the velocity times 0.025. j. Model velocity field remapped to face-on frame 
without changing velocities, for reference, and face-on velocity vector field. k. radial mass flux in 𝑀⨀/𝑦𝑟. The value plotted at each point is 2𝜋 𝑑?̇? 𝑑𝜙3 , or the total mass flux through that radius if 
the value at the point were the same at all azimuth. Face-on velocity vector field superimposed. l. 
Velocity dispersion remapped to face-on frame, and face-on velocity vector field. There is some 
trend for velocity dispersion to increase in regions with large velocity gradients, possibly due to 
multiple components superposed. m. Disk velocity model, face-on frame, and velocity vector field. 
n. Radial velocity model, face-on frame, and velocity vector field. 
  
  
Supplementary Figure 6 This figure shows a series of panels illustrating the model 4 fit to UM287. 
a. Inferred column density NH assuming a thickness of t3=(t/3 kpc)=1 and a clumping factor C=1. 
The inferred column density can be scaled to other values by multiplying by (𝑡# 𝐶⁄ )'/). b. Mean 
velocity (data). c. Mean velocity (model). d. Dv=vDATA-vMODEL. e. velocity dispersion (line width), 
sv. f. Disk contribution to velocity model, observed frame. g. Radial velocity contribution to 
velocity model, observed frame. h. Intensity (in kLU = 103 ph cm-2 s-1 sr-1). i. Column density 
(panel a.) remapped to face-on frame, with velocity field superimposed using vectors. In face-on 
frame, the line of inclination is in the horizontal direction. The length of the vector in pkpc is the 
velocity times 0.025. j. Model velocity field remapped to face-on frame without changing 
velocities, for reference, and face-on velocity vector field. k. radial mass flux in 𝑀⨀/𝑦𝑟. The value 
plotted at each point is 2𝜋 𝑑?̇? 𝑑𝜙3 , or the total mass flux through that radius if the value at the 
point were the same at all azimuth. Face-on velocity vector field superimposed. l. Velocity 
dispersion remapped to face-on frame, and face-on velocity vector field. There is some trend for 
velocity dispersion to increase in regions with large velocity gradients, possibly due to multiple 
components superposed. m. Disk velocity model, face-on frame, and velocity vector field. n. 
Radial velocity model, face-on frame, and velocity vector field. 
 
  
  
 
Supplementary Figure 7 – Narrow-band image, mean velocity map and velocity centroid error 
for CSO38B (a-c) and UM287 (d-f). Note scale of velocity error is expanded by a factor of 10 over 
that of the mean velocity.  
  
 Supplementary Figure 8 – Three iterations with minimum c2 for object UM287, Model 4. 
Individual panels for each iteration are the same as in Supplementary Fig. 3, 5, and 6. Iteration 15 
is identical to Supplementary Fig. 6. The MFI components (panel n in each iteration) are almost 
identical for these three local minima. In other words, the MFI component is not suppressed in 
nearby local minima of the optimization function.  
 
 Supplementary Figure 9 – AIC vs. Model for two SNR thresholds. a. CSO38B, red line shows 
baseline SNR threshold (I0 = 7 kLU), blue line shows SNR threshold twice as large, (2I0 = 14 kLU). 
The dramatic drop in AIC for Model 3a(i) is unchanged. b. UM287, red line shows baseline SNR 
threshold (I0 = 4 kLU), blue line shows SNR threshold twice as large, (2I0 = 8 kLU). The 
pronounced drop in AIC for model 3c(i) remains. 
 
Supplementary Figure 10 – Column density and velocity flow field for simulated galaxies 
VELA20 and VELA21. Compare to VELA07, Fig. 1. 
 
  
Supplementary Figure 11 – AIC vs. Model for three line of sight views of simulated galaxies: 
(a) VELA07 simulation, (b) VELA20 simulation, and (c) VELA21 simulation. Left hand axis 
shows the AIC for each view, coded by color. Right hand axis shows the log of the formal 
probability that the higher AIC model is a true one, in each case for the model with the smallest 
change in AIC, which in all three cases is the xz view. Horizontal dashed line corresponds to the 
minimum AIC for the xz model.  
 
 
  
  
Supplementary Tables 
Supplementary Table 1 –  Summary of Observations 
Target Name(s) UM287 / QSO J0052+0101 CSO38 / QSO B1009+2956 
Coordinates 00:52:02.400 +01:01:29.300 10:11:56.000 +29:41:42.000 
Redshift 2.28 2.652 
Image Slicer Medium (M) Large (L) 
Grating Blue Medium Resolution (BM) Blue Medium Resolution (BM) 
Central Wavelength 4290Å 4500Å 
Resolution 5000 2500 
Source Exposure Time 4h (12×20m) 2h (12×5m, 3×20m) 
Sky Exposure Time 50m (5×10m) 10m (1x10m) 
Sky Subtraction Method Interleaved sky exposures In-field sky measurement 
Date(s) of Observation 17th October 2017 15th April 2017, 22nd November 2018 
Sensitivity Achieved (5s) 3 x 10-18 erg cm-2 s-1 arcsec-2 (1˝x1˝) 
30 kLU 
2.8 x 10-18 erg cm-2 s-1 arcsec-2 (1˝x1˝) 
28 kLU 
 
Supplementary Table 2 – Revised MFI Criteria and Comparison to CSO38B and UM287 nebulae. 
Criterion CSO38B Nebula UM287 Nebula 
1. Higher intensity located 
approximately symmetrically 
around 1D velocity center and 
relatively uniform intensity with 
clear intensity break at edges 
Yes. Highest intensity located at 
maximum velocity shear. 
Yes. Highest intensity located at 
maximum velocity shear. 
3. 2D velocity and intensity 
distribution consistent with a disk 
and multi-filament radial flow in an 
NFW halo with minimal residuals 
Yes based on fits. Yes based on fits. 
4. Evidence for one or more 
filaments with low velocity gradient 
and possibly lower-
velocity  dispersion aligned with 
inferred radial flow direction(s); 
Yes. Yes. 
5. Velocity gradients transverse to 
rotation-induced velocity shear.  
Yes. Yes. 
6. Star formation near center of 
disk with radial mass flux onto 
galaxy consistent with star 
formation rate. 
Yes, object BX173. Yes, object C, D, and E. 
7. Object is separated from 
illuminating QSO and does not 
appear to be part of interaction 
producing the QSO. 
Yes. Yes. 
Summary 6/6 criteria matched 6/6 criteria matched. 
 
 
 
  
Supplementary Table 3 – Kinematic Models with Multi-Filament Inflow 
Model Cartoon Formula 
1  
Rotation 
Keplerian disk rotation in an NFW dark matter halo 
 
𝑣6(𝑟) = 8𝐺𝑀(𝑟;𝑀;, 𝑐)𝑟  𝑣>(𝑟) = 0 
2 
Linear radial 
Disk plus radially linear radial flow 
 
𝑣6(𝑟) = 8𝐺𝑀(𝑟;𝑀;, 𝑐)𝑟  𝑣>(𝑟, 𝜙) = 𝑣>@ A 𝑟𝑟BC 
3a 
MFI 1 mode 
i no spiral 
ii spiral 
Disk plus azimuthally modulated linear radial flow, mode 1. 
 
𝑣6(𝑟) = 8𝐺𝑀(𝑟;𝑀;, 𝑐)𝑟  𝑣>(𝑟, 𝜙) = A 𝑟𝑟BC D𝑣>@ + 𝑣>' sinI𝜙 + 𝜙' + 𝑎KL𝑟MN 
3b 
MFI 2 mode 
i no spiral 
ii spiral 
Disk plus azimuthally modulated linear radial flow, mode 1+2. 
 
𝑣6(𝑟) = 8𝐺𝑀(𝑟;𝑀;, 𝑐)𝑟  
𝑣>(𝑟, 𝜙) = A 𝑟𝑟BCO𝑣>@ +P𝑣>Q sinI𝑛𝜙 + 𝜙Q + 𝑎KL𝑟M)QS' T 
3c 
MFI 3 mode 
i no spiral 
ii spiral 
Disk plus azimuthally modulated linear radial flow, mode 1+2+3. 
 
𝑣6(𝑟) = 8𝐺𝑀(𝑟;𝑀;, 𝑐)𝑟  
𝑣>(𝑟, 𝜙) = A 𝑟𝑟BCO𝑣>@ +P𝑣>Q sinI𝑛𝜙 + 𝜙Q + 𝑎KL𝑟M#QS' T 
4  
MFI 3 mode 
radial + 
azimuthal 
Disk plus azimuthally modulated linear radial + azimuthal flow, mode 1+2+3. 
 
𝑣6(𝑟) = 8𝐺𝑀(𝑟;𝑀;, 𝑐)𝑟 + 𝑓V𝑣>(𝑟, 𝜙) 
𝑣>(𝑟, 𝜙) = A 𝑟𝑟BCO𝑣>@ +P𝑣>Q sinI𝑛𝜙 + 𝜙Q + 𝑎KL𝑟M#QS' T 
 
 
  
Supplementary Table 4 – VELA07 Simulation MFI Fit Parameters 
Param Model 
 1 2 3a(i) 3a(ii) 3b(i) 3b(ii) 3c(i) 3c(ii) 4 
#params 5 6 8 9 10 11 12 13 14 
c2 372 272 208 204 204 176 188 156 152 
DOF 163 162 160 159 157 156 154 153 152 
AIC 196 148 121 121 125 114 125 111 112 
P(AIC) 4e-19 1e-8 0.01 0.01 0.001 0.31 0.001 1 1 
BIC 397 302 249 250 255 232 249 222 223 
P(BIC) 1.6e-38 4e-18 2.2e-6 8.3e-7 1.1e-7 7e-3 2e-6 1 1 
sv 74 64 56 55 55 51 53 48 47 
Log Mh 12.81 11.83 11.89 11.81 12.00 11.88 11.96 11.91 11.98 
Log c 0.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Inc 40 40 40 46 40.1 55 40.1 54.7 53.1 
f0 50 84 80 76 85 67 85 63 76.9 
vr0 0 -276 -198 -120 -244 -48 -196 4.4 -96 
asp -- -- -- 0.62 -- -3.9 -- -3.6 -3.9 
f1 -- -- 3.6 39 -5 -70 20 9 0 
vr1 -- -- -380 -314 -336 -144 -504 -232 -210 
f2 -- -- -- -- -306 -30 54 -18 -30 
vr2 -- -- -- -- -157 -177 -63 -201 -158 
f3 -- -- -- -- -- -- 31 19 9 
vr3 -- -- -- -- -- -- -224 -194 -173 
fa -- -- -- -- -- -- -- -- 0.54 
dM/dtmax 0 -356 -164 -123 -188 -188 -274 -184 -250 
rdM/dt(max) -- 30 60 70 60 60 60 45 35 
<dM/dt>(r<50kpc) 0 -37 -24 -14 -15 -6 -21 -7 -24 
RV 177 83 87 82 95 87 92 89 94 
vc 400 187 196 184 213 195 207 199 210 
Mb 2.9e11 3.0e11 3.0e11 3.3e11 3.0e11 4.0e11 3.0e11 3.9e11 3.8e11 
Mb/Md 0.046 0.44 0.39 0.51 0.30 0.52 0.33 0.48 0.40 
<Va> 282 103 108 102 118 107 114 110 110 
<Vr> 0 -51 -24 -20 -26 -26 -43 -18 -27 
Lb 1.3e15 1.0e14 1.0e15 1.1e15 1.1e15 1.6e15 1.1e15 1.6e15 1.3e15 
jb 4.2e3 3.3e3 3.5e3 3.4e3 3.8e3 4.0e3 3.7e3 4.1e3 3.5e3 
lb 0.06 0.21 0.20 0.22 0.19 0.23 0.19 0.23 0.18 
          
  
 
Supplementary Table 5 – CSO38B Fit Parameters 
Param Model 
 1 2 3a(i) 3a(ii) 3b(i) 3b(ii) 3c(i) 3c(ii) 4 
#params 5 6 8 9 10 11 12 13 14 
c2 331  288  177 171 163 155  152  142 138  
DOF 140 139 137 136 134 133 131 130 129 
AIC 341 300 194 190 187 181 183 176 174 
P(AIC) 5.2e-37    3.9e-28 5.4e-5 3.5e-4 0.002 0.03 0.01 0.49 1.0 
BIC 356 318 217 215 222 209 211 206 207 
P(BIC) 3e-33 6e-25 0.005 0.009 0.04 0.19 0.07 1 0.55 
sv 110 104 82 80 78 76 76 73 72 
Log Mh 13.0 11.96 11.19 11.12 11.52 11.37 11.50 11.71 11.66 
Log c 0.33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Inc 34 34 40 30 40.1 67 68 66 70 
f0 145 103 80 63 85 68 78 76 98 
vr0 -- -517 -173 -486 -244 -71 -115 -314 43 
asp -- -- -- 3.0 -- 1.0 -- -2.8 -0.53 
f1 -- -- 89 80 -5 12 -118 -89 -162 
vr1 -- -- -318 608 -336 270 530 -565 350 
f2 -- -- -- -- -306 54 15 282 -23 
vr2 -- -- -- -- -157 147 -68 -166 186 
f3 -- -- -- -- -- -- 17 -209 -18 
vr3 -- -- -- -- -- -- -205 330 -62 
fa -- -- -- -- -- -- -- -- 1.12 
dM/dtmax 0 -243 -117 -346 -29 -82 -74 -227 -80 
rdM/dt(max) -- 30 30 25 35 45 35 30 110 
<dM/dt> 0 -37 -39 -64 -30 -23 -35 -37 -8 
RV 204 92 51 82 66 87 65 76 73 
vc 460 207 114 184 148 195 145 170 164 
Mb 5.2e10 5.1e10 7.7e10 5.0e10 1.1e11 1.1e11 1.2e11 1.1e11 1.3e11 
Mb/Md 0.005 0.06 0.50 0.38 0.36 0.48 0.37 0.21 0.27 
<Va> 113 236 122 120 122 137 143 185 197 
<Vr> 0 -136 -80 -240 -46 -68 -49 -77 -20 
Lb 3.9e14 3.1e14 2.9e14 1.4e14 8.1e14 6.4e14 7.7e14 8.1e14 1.5e15 
jb 7.5e3 4.9e3 3.8e3 2.8e3 3.6e3 5.8e3 6.6e3 7.6e3 1.2e4 
lb 0.08 0.31 0.66 0.54 0.68 0.75 0.71 0.59 0.95 
 Supplementary Table 6 – UM287 Fit Parameters 
Param Model 
 1 2 3a(i) 3a(ii) 3b(i) 3b(ii) 3c(i) 3c(ii) 4 
#params 5 6 8 9 10 11 12 13 14 
c2 755 723 577 512 527 483 403 321 317 
DOF 312 311 309 308 306 305 303 302 301 
AIC 765 735 593 530 549 508 432 352 351 
P(AIC) 0 0 <1e-30 <1e-30 <1e-30 <1e-30 <1e-10 0.4 1 
BIC 784 757 622 563 584 546 471 395 397 
P(BIC) 1e-84 5e-79 9e-50 6e-37 2e-41 4e-33 5e-17 1 0.8 
sv 111 109 97 92 93 89 81 72 72 
Log Mh 12.71 12.20 11.30 11.45 11.06 11.45 12.52 12.50 12.69 
Log c 0.0 0.33 0.0 0.0 1.0 0.0 0.0 0.16 0.0 
Inc 65 70 50 57 61 62 59 51 54 
f0 92 113 159 147 184 135 85 82 84 
vr0 0 -114 -245 -205 -16 -126 -181 -70 -108 
asp 0 0 0 1.7 0 2.7 0 4.7 4.1 
f1 0 0 -86 45 72 -22 47 -165 -20 
vr1 0 0 -236 -218 220 161 802 773 -956 
f2 0 0 0 0 -197 117 -178 -52 -55 
vr2 0 0 0 0 257 114 -187 208 214 
f3 0 0 0 0 0 0 -38 6 54 
vr3 0 0 0 0 0 0 -718 -920 1050 
fa 0 0 0 0 0 0 0 0 0.06 
dM/dtmax 0 0 0 0 0 0 -180 -240 -300 
rdM/dt(max) 0 0 0 0 0 0 60 60 70 
<dM/dt> 0 -54 -79 -78 -69 -83 -17 -20 -26 
RV 165 112 56 63 46 63 143 140 162 
vc 367 248 124 139 103 139 317 312 361 
Mb 1.5E+11 1.8E+11 9.8E+10 1.2E+11 1.3E+11 1.3E+11 1.2E+11 1.0E+11 1.1E+11 
Mb/Md 0.03 0.11 0.49 0.41 1.13 0.48 0.04 0.03 0.02 
<Va> 255 219 109 122 95 124 220 227 235 
<Vr> 0 -66 -186 -160 -147 -125 5 -10 -6 
Lb 2.3E+15 2.9E+15 5.5E+14 8.3E+14 6.8E+14 1.1E+15 1.4E+15 1.0E+15 1.2E+15 
jb 1.6E+04 1.6E+04 5.6E+03 7.2E+03 5.2E+03 8.1E+03 1.1E+04 1.0E+04 1.1E+04 
lb 0.26 0.59 0.81 0.82 1.09 0.93 0.25 0.24 0.19 
 
  
  
Supplementary Table 7 – Best Fit Model Parameter Error Limits 
Object VELA07 
Simulation 
CSO38B UM287 
Model 3a(i) 3a(i) 4 
Log Mh 11.90Z@.@[\@.'[ 11.25Z@.'^\@.'' 12.69Z@.'^\@.@` 
Log c 1.00 1.00 0.0 
Inc 40Z^\^ 40Zb.@\`.c 54Z)\) 
f0 80Zb\b 80Z^\` 84Z).[\'.` 
vr0 −209Zf^\^b −173Z)'\)# −108Z'[\`^ 
asp -- -- 4.1Z@.#\@.f 
f1 4Z[\[ 89Z''\[  −20Z'@\') 
vr1 −390Z'b`\'@# −318Z)f\#c −956Z'#'\[#  
f2 0 0 −54Z'@\`  
vr2 0 0 214Z`)\^f 
f3 0 0 54Z)\^ 
vr3 0 0 1050Z'##\^'  
fa 0 0 0.06Z@.'@\@.@f 
<dM/dt> −24Z''\^  −39Z`\^ −26Zf\` 
Log Mb 10.68Z@.@`\@.@f 11.00Z@.@b\@.@f 11.00Z@.@)\@.#@ 
Log jb 3.82Z@.@#\@.'^ 3.60Z@.@[\@.@f 4.04Z@.@)\@.@[ 
lb 0.26Z@.@^\@.@c 0.70Z@.@#\@.@` 0.19Z@.@'\@.'' 
 
  
 Supplementary Table 8 – CSO38B Continuum Object Parameters and Errors 
Object BX173 MD23 
Dv -170 km/s -490 km/s 
E(B-V) 0.18	[−0.01,+0.01] 0.22	[−0.01,+0.01] 
Log (SFR) 1.04	[-0.041,	+0.01]	 1.83	[-0.064,	+0.047]	
Log (M*) 10.35	[−0.015,+0.021] 9.63	[−0.028,+0.040] 
Log (Age/yr) 9.30 	[max𝑎𝑙𝑙𝑜𝑤𝑒𝑑	𝑏𝑦	𝑚𝑜𝑑𝑒𝑙𝑙𝑖𝑛𝑔] 7.80	[−0.0,+0.10] 
 
  
 Supplementary Notes 
 
Velocity Map Errors 
The examples given in Supplementary Figure 7 show that because these nebulae are quite bright, 
the velocity errors due to Poisson fluctuations are low even in the lowest flux areas for both 
objects. The errors peak at ~50 km/s in small regions with a large velocity gradient and lower 
flux. As discussed in Methods, in order to derive conservative chi-square and Akaike 
Information Criteria (AIC) values we use the minimum rms velocity residual in place of the 
statistical error in calculating chi-square. Since the rms velocity residual is >72 km/s in both 
objects the statistical velocity centroid error has neglible effect. The implication is that all error 
limits on model parameters are conservative. In particular, the error limits on the MFI 
components and radial mass flux are conservative.  
Because the signal-to-noise ratio is high, demonstrated by our investigation of the impact 
of the SNR threshold, variation  in the details of the smoothing algorithm will not impact the 
results in a significant way.  In an earlier paper 1 we gave extensive tests of the algorithm for 
much lower SNR data, showing that it is robust. 
We have also estimated the contribution of sky subtraction error. This contribution 
depends on the smoothness of the sky spectrum at the systemic Lya wavelength. A perfectly flat, 
smooth sky spectrum does not perturb the velocity centroid even with a 100% subtraction error. 
Assuming that the line flux has a peak equal to the sky background, and that there is a 100% 
subtraction error, the velocity error for CSO38B is 13 km/s (mostly from a slow continuum 
slope) and UM287 is 4 km/s. The faintest area of each nebula exceeds 0.1 times sky, and a sky 
subtraction error of <1% is estimated from the lack of residual sky features and previous 
experience. Thus the typical error contribution would be 1.3 km/s for CSO38B and 0.4 km/s for 
UM287. Even a sky subtraction error of 10% would have no effect on the results.  
 
 Previously proposed criteria for MFI Proto-galaxies 
1. Higher intensity symmetrically located around 1D velocity center and relatively uniform 
intensity with clear intensity break at edges; 
2. Near constant slope velocity gradient (1D)  consistent with an NFW halo; 
3. 2D velocity and intensity distribution consistent with a disk in an NFW halo with minimal 
residuals; 
4. Evidence for one or more filaments  with low velocity gradient and possibly lower-
velocity  dispersion; 
5. Abrupt kinematic transition at disk edge ( versus continuous acceleration expected from 
single-filament  dragfree infall)  either in mean velocity or velocity dispersion or both 
consistent with filament/ disk interface 
6. Star formation at center of disk co-located  with a possible intensity/ gas deficit; and 
7. Kinematics consistent with radial and spiral inflow. 
 
Description of Continuum Objects near CS038B  
Supplementary Table 8 gives derived spectral energy distribution fitting parameters and 
errors of two of these objects. Object BX173 is a star forming galaxy with redshift z=2.6499, 
close to the redshift of the QSO and the nebula (z=2.652, giving Dv=-170 km/s). BX173 falls 
near the intensity peak, center of light, and kinematic center of the nebula. From broad-band 
photometry BX173 has an inferred star formation rate of 17	𝑀⨀𝑦𝑟Z', a stellar mass of 3.5 × 10'@	𝑀⨀, and a corresponding mass doubling time of 2000 Myr. This suggests that this 
galaxy is well established and has been forming stars for more than 1 Gyr. The inferred nebula 
mass is |~8 × 10'@	𝑀⨀ (Supplementary Table 5). Object MD23 lies at the southern tip of the 
nebula. It has a redshift of z=2.646, giving Dv=-490 km/s, somewhat outside the kinematic range 
of the nebula.  From photometry has a star formation rate of 27	𝑀⨀𝑦𝑟Z', a stellar mass of 7 × 10[	𝑀⨀, and a corresponding mass doubling time of 260 Myr. Two other continuum objects 
are detected in the eastern part of the nebula. These do not have redshifts or photometry and SED 
fitting. Neither overlaps the local maximum in the nebular intensity. If they are at the nebular 
redshift, and based on their rest-frame UV fluxes, their star formation rates would be estimated 
to be 56	𝑀⨀𝑦𝑟Z'  and 17	𝑀⨀𝑦𝑟Z'.  
We note that all the objects detected have inferred star formation rates that are consistent 
with the radial mass flux estimated for Model 3a(i). Furthermore, the direction of gas flow is 
 such to direct gas to BX173 and MD23 (Fig. 4), as seen in projection. The simulated galaxy 
VELA07 has a star forming galaxy at the center with a similar stellar mass, star formation rate, 
and age as that estimated for BX173. It also has several other stellar objects with lower stellar 
mass and star formation rates but similar ages.  
Description of Continuum Sources near UM287 
Of the sources near UM287, Source C is the brightest and shows CIV1549 and HeII1640 
as well as Ha. This source shows the largest redshift and is not perfectly fit by the MFI model 
(see Supplementary Fig. 6bcd, with d showing a deviation of ~100 km/s at source C). If this local 
source has an outflow it could produce additional redshift due to the usual blueshifted 
absorption. There is however an extended region near source C which is has a redshift consistent 
with the MFI model. Source C could increase the illumination of the nebula around it over that of 
the QSO. Sources D and E are close to the light and kinematic center of UM287. The rest frame 
UV continuum star formation rate we infer for Source D and E (>22 𝑀⨀/𝑦𝑟), is consistent with 
the overall mass influx from the Model 3 and 4 fits. There are potentially other, fainter extended 
continuum sources. All of these are consistent with clumpy star formation regions that might be 
expected in a forming, non-equilibrium protogalaxy.  
Impact of Selecting Objects with Neighboring QSO 
It should be noted that we should use caution when applying descriptions of low redshift 
phenomena at high redshift. At the redshifts of these observations, simulations predict that 
galaxies undergoing cold spiral inflow exhibit continuous smooth and clumpy accretion (i.e., 
continuous “merging”). They tend to be in overdense environments with correspondingly high 
probability for nearby galaxies. Both the simulated galaxy and neighboring objects grow massive 
bulges and super massive black holes which will exhibit QSO-mode accretion occasionally 
during their growth. The projected separation of the observed objects and their nearby 
illuminating QSO is sufficient (greater than 160 kpc for CSO38B and greater than 100 kpc 
including the line of sight separation 2 for UM287) that tidal effects on the velocity fields (the 
main subject of this work) can be ignored (see discussion above). The main impact of the nearby 
QSO-mode accretion is to illuminate the neighboring forming galaxy we are observing, allowing 
us to make a sensitive, high-resolution map of the gas velocity field. The physical trigger of 
QSO-mode accretion is still controversial, as is the typical duration and duty cycle. Thus while it 
 was not possible to select, in this initial study, simulation objects for zoom-in that exactly 
reproduce the conditions and demographics appropriate for our observed objects (e.g., with a 
nearby neighbor undergoing QSO-mode supermassive black hole accretion), the gas flows 
measured in the observed objects can be reasonably assumed to be representative of those in the 
simulations, as we have noted before 2,3. 
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